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Abstract: Magnetically-doped graphene systems are potential candidates for application
in future spintronic devices. A key step is to understand the pairwise interactions between
magnetic impurities embedded in graphene that are mediated by the graphene conduction
electrons. A large number of studies have been undertaken to investigate the indirect
exchange, or RKKY (Ruderman-Kittel-Kasuya-Yosida), interactions in graphene. Many of
these studies report a decay rate faster than expected for a two-dimensional material and
the absence of the usual distance dependent oscillations. In this review we summarize the
techniques used to calculate the interaction and present the key results obtained to date.
The effects of more detailed parameterisations of the magnetic impurities and graphene host
are considered, as are results obtained from ab initio calculations. Since the fast decay of
the interaction presents an obstacle to spintronic applications, we focus in particular on the
possibility of augmenting the interaction range by a number of methods including doping,
spin precession and the application of strain.
Keywords: graphene; exchange interactions; RKKY; spintronics; magnetic impurities;
magnetic interactions
Classification: PACS 81.05.ue, 75.30.Hx, 75.75.-c, 85.75.-d
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1. Introduction
Graphene has been in the scientific limelight for the past few years due to a range of interesting
properties that it has been shown, or predicted, to display. Superlative mechanical properties and a unique
set of potentially tunable electronic and optical properties suggest a large number of possible applications
for graphene and related materials [1–4]. Apart from potential roles in nanoelectronics, optoelectronics
and as reinforcements in composites, graphene-based materials have also been mooted for application
in spintronics [5]. This field is projected to play a very important role in future technologies as it
may allow information storage, processing and communication at faster speeds, and with lower energy
consumption, than is possible with conventional electronics [6–9]. The principal idea of spintronics is
to exploit not only the charge of an electron, but also the spin degree of freedom associated with its
intrinsic angular momentum. Despite carbon not being magnetic, graphene-based spintronics may be
achievable when we consider that many of its derivative materials and nanostructures display various
scenarios of magnetism [5]. Graphene has also many properties that suggest its possible use as a carrier
of spin information, including weak spin-orbit and hyperfine couplings, which are the main sources of
relaxation and decoherence of electron spin [10–16].
Many of the proposed graphene-based spintronic devices are underpinned by the spin-polarised edge
state that is predicted to occur when a graphene sheet is cut to have the so-called zigzag edge geometry.
Particular focus has been paid to zigzag-edged graphene nanoribbons, narrow strips of graphene with
parallel zigzag edges that are predicted to display opposite spin orientations. Such a system may allow
a possibility of tuning its spin-transport properties [17–22]. For example, the prospect of triggering a
half-metallic state using external electric fields in zigzag-edged nanoribbons has been suggested [19].
The realisation of such a device would allow efficient electronic control of spin transport, a very useful
property in spintronics and something that is difficult to achieve in other materials. Despite theoretical
advances in the study of nanoribbons, and some recent experimental results hinting at signatures of this
edge magnetism [23], the difficulty in patterning the edge geometries required for these effects to be
observed may prevent a wider scale exploitation. Furthermore, the spin-polarised edge state for zigzag
edges is predicted to be highly dependent on the edge geometry and not particularly robust under the
introduction of edge disorder [24]. These factors present major obstacles in the path of utilising the
intrinsic magnetic edge states of graphene in experimentally realisable devices.
Another possibility that has been proposed for graphene-based spintronics is the exploitation of
defect-driven magnetic moments that arise in graphene [25–27]. Magnetic moments have been predicted
to form around vacancies and other defects in the graphene lattice and the possibility of engineering a
ferromagnetic state in graphene from such moments has been suggested. However, such a claim would
seem to be restricted by the implications of the Lieb theorem [28], which states that any such magnetic
moments arise from a disparity between the two sublattices of graphene. Large-scale, randomised
disorder would tend to minimise such a disparity and prevent the formation of a ferromagnetic state.
However, recent experimental evidence suggests the possibly of engineering such a state through partial
hydrogenation [29]. The existence of such a state may then be accessible through magnetoresistance
measurements [30].
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A third possibility for incorporating graphene in spintronic devices, and one that we shall focus on in
this review, is through the doping of graphene with magnetic impurity atoms, as shown in Figure 1.
This approach allows graphene to act as host to an ensemble of transition metal atoms, or indeed
more generic magnetic species, and mediate the interactions between them, potentially allowing for
long ranged ordering or the transfer of spin information between impurities. In order to predict the
magnetic properties of such systems, it is essential to understand both how a single impurity connects to
the graphene lattice and also the nature of the interactions between multiple impurities. To address the
former, a large number of studies have investigated the hybridisation and resultant electronic, magnetic
and magnetotransport properties of graphene systems with different magnetic species embedded in
them [31–35]. However, the interaction between the localised moments formed at the impurity sites
is predicted to be largely independent of the magnetic impurity species chosen and instead depend
strongly on the electronic structure of the host material. This is because the indirect exchange coupling
(IEC) [36–39], often referred to as the Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction [40–44],
between magnetic impurities in a graphene system is mediated by the conduction electrons of the
graphene host. Throughout this work we will use the terms “IEC” and “RKKY” interchangeably to
refer to a general conduction-electron mediated interaction between magnetic objects, unless specifically
referring to the RKKY approximation to the interaction. A long-ranged interaction of this type allows
impurity moments on graphene to feel each other’s presence and respond to magnetic perturbations or
excitations at other impurity sites. The usual manifestation of this interaction is through the lowering
of the total energy of the system when the moments adopt certain favourable alignments. In this way
the interaction can dictate any magnetic ordering that arises between the moments. These types of
interactions have been investigated previously in multilayer devices, leading to the discovery of the Giant
Magnetoresistance effect [45,46], and more recently in materials closely related to graphene, namely
carbon nanotubes [47–49].
To exploit the interaction between impurities, it is important to understand its behaviour as the
separation between them is varied. Previous studies suggest that this type of interaction should
oscillate and decay as the impurity separation is increased [36–44]. Furthermore, the oscillation
period is determined by the Fermi surface of the host material, whereas the decay rate depends on
the dimensionality of the host and magnetic objects. For impurity atoms in a one-dimensional or
two-dimensional host medium, the interaction should be expected to decay as 1
D
or 1
D2
respectively,
where D is the distance between the magnetic impurities. The decay rate in one-dimensional systems
is borne out by investigations in metallic carbon nanotubes where the predicted long range decay is
found theoretically for substitutional magnetic impurities [47]. However, unique features arising from
the peculiar electronic structure of the underlying graphene lattice were also reported. The sign of the
interaction, determining the preferred alignment of the moments on two impurities, was found not to
oscillate as a function of distance as seen in other materials, but rather to depend only on the connections
of the impurities to the two triangular sublattices composing graphene. These sublattices are represented
by filled and hollow circles in Figure 1. Furthermore, for certain impurity configurations, the interaction
was found to decay much faster than expected [48–50].
Similar features to those reported for carbon nanotubes have now been predicted in graphene. Due
to the interest in carbon-based spintronics, a large number of studies in recent years have investigated
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indirect exchange interactions between localised moments in graphene. Sublattice-dependent signs and
faster than expected decay rates have been seen when a variety of methods are employed, ranging from
analytic or numerical treatments of the interaction using tight-binding or Dirac Hamiltonians to more
intensive total energy calculations within a density functional theory (DFT) framework. In this review
the details of the various approaches will be discussed in Section 2 and the consensus behaviour for
simple impurities that has emerged from the majority of the studies analysed in Section 3. The results
for impurities beyond the simplest substitutional case and for considerations often neglected by the basic
RKKY approximation are discussed in Section 4. Finally, in Section 5 we consider how the interaction
between magnetic impurities can be manipulated in order to extend the interaction range or otherwise
alter its behaviour.
Figure 1. Schematic illustration of two substitutional magnetic impurities (red circles)
embedded in a graphene lattice. Also shown are the high symmetry armchair (A) and zigzag
(Z) directions, and the two-atom unit cell and lattice vectors a1 and a2. Atoms from the two
triangular sublattices are represented by filled and hollow symbols.
Z
A
a1
a2
0 1
2. Methods
In this section we will outline several of the general methodologies employed to calculate the indirect
exchange coupling in graphene. We begin by considering an energy difference calculation between the
parallel and antiparallel orientations of the localised moments on two magnetic impurities located at
sites A and B in the graphene lattice. These configurations are represented schematically in Figure 2.
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Employing the Lloyd formula [51] to calculate the total energy difference between these two spin
configurations we arrive at the Quantum Well method result proposed by Edwards et al. [38,39]. We
shall briefly derive this result in a completely generic form in terms of Green functions without stating the
form of the Hamiltonian chosen to describe the electronic structure of the graphene host or the magnetic
impurities. From this result we identify the common approximations often made in the literature and
demonstrate how the commonly used RKKY expression can be reached.
From these general results we turn our attention to the specific case of graphene. Two common
Hamiltonians used to describe the electronic structure, namely the tight-binding and linearised Dirac
formalisms, are introduced and compared. The various approaches, numerical and analytical, to
calculating the coupling within these formalisms are discussed. Finally, the merits and disadvantages
of these methods, and those of more complete ab initio treatments, are given.
Figure 2. Schematic representation of the spin-split potentials at the magnetic sites for the
parallel (a) and antiparallel (b) alignments of the magnetic moments. The red (blue) curves
show the potential experienced by up-spin (down-spin) electrons as a function of position.
For simplicity the host medium is represented by a one-dimensional linear chain.
a)
b)
2.1. Calculating Exchange Interactions
The IEC between a pair of magnetic objects is usually defined as the energy difference between the
parallel and antiparallel alignments of the localised magnetic moments on the objects. We distinguish
the indirect interaction by assuming that it is mediated entirely by the conduction electrons of the host
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material, in contrast to the direct exchange which depends on the overlap of the impurity electron
orbitals and which decays very abruptly. To begin, we consider an initial configuration of two magnetic
impurities at sites A and B, separated by a distance D, in the host medium. We introduce a Green
function, g^, that describes the electronic structure of this system. For the moment we will keep the
form of this Green function, and its associated Hamiltonian, as general as possible. We assume that it
describes in sufficient detail electron propagation in the host material and also spin-dependent potentials
localised at the magnetic impurities, which reflect the fact that electrons in the system are subject to a
different potential in the magnetic regions than elsewhere, as shown schematically in Figure 2. The
resultant potential profiles seen by “up” and “down” spin electrons are the result of solving the Hubbard
Hamiltonian and are illustrated by red and blue lines respectively. The allowed energies of the system
are quantised and furthermore, changing the separation between the magnetic objects shifts the allowed
energies relative to the Fermi energy of the system giving rise to an oscillatory coupling [52]. The
coupling can be calculated by summing over all the energy levels below the Fermi energy and taking
the difference between the cases with spin potentials corresponding to moments aligned parallel or
anti-parallel. In this manner, the calculation of the IEC reduces to the calculation of an energy difference
between two distinct configurations. Such a calculation can be simplified using the Lloyd formula [51],
which allows the calculation of the energy difference directly without the need to calculate the total
energy of either configuration.
The Lloyd formula expression to calculate the total change in the energy of a system due to a
perturbation is given by
E (EF ) =
1

Im
Z
dE f(E) ln

det(I^   g^(E)V^ )

(1)
where g^ as above is the Green function describing the unperturbed system, V^ is the applied perturbation
potential and f(E) is the Fermi function. The unperturbed system consists of two moments embedded
at sites A and B, and aligned parallel along the z-direction so that the angle between them,  = 0. This
setup is shown schematically in the panel a of Figure 2. For simplicity we consider one magnetic orbital
on the impurity sites, but the calculation can be easily generalised to a more realistic magnetic impurity.
We associate a bandcentre () and exchange splitting (Vex) with this orbital as illustrated in Figure 2.
We now introduce a spin perturbation which rotates the magnetic moment at B by an angle  with
respect to that at A. This perturbation is given by
V () =  Vex [(cos    1) ^z + sin  ^x]
=  Vex
"
cos    1 sin 
sin  1  cos 
#
(2)
where ^z and ^x are the relevant Pauli matrices. Since the magnetic moments break the spin degeneracy
of the electrons, the Green functions must be written in terms of their up- and down-spin components. In
the initial collinear configuration there is no mixing between the spin bands and gBB is diagonal in spin
space. It can be shown that
det
h
I^   g^BB(E) ^V ()
i
= 1  2V 2ex g"BA g#AB (cos    1) (3)
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where g"AB (g
#
AB) are the off-diagonal elements of the up (down) spin Green function connecting sites
A and B. Taking  = , corresponding to an antiparallel alignment of the moments we find, for zero
temperature, that
JBA =  E( = ) =   1

Im
Z EF
 1
dE ln

1 + 4 V 2ex g
"
BA(E) g
#
AB(E)

(4)
where we have chosen the sign convention where a negative value of the coupling, J , corresponds
to a preferential parallel alignment of the moments and a positive value to a preferential antiparallel
alignment. When performing the integral in Equation (4) numerically we can rewrite the integral over
the imaginary axis where the integrand tends to be smoother and easier to integrate. With an imaginary
axis integration, the expression for the coupling becomes
JBA =
1

Z 1

dy ln
1 + 4 V 2ex g"BA(EF + iy) g#AB(EF + iy) (5)
We note that in these expressions the distance dependence is entirely contained within the product of
off-diagonal Greens function elements and the behaviour of these quantities will dictate the behaviour of
the interaction as the separation between the moments is varied.
The expression for the coupling given in Equation (4), with the log term in the integrand, is exact. That
is, it gives the exact energy difference between the FM and AFM configurations of the system described
by the Green functions used. In the next section we will discuss how the relevant Green functions will be
calculated, but first we focus on a common perturbative approach to calculating the coupling. To proceed
analytically it is useful to note that Equation (4) can be written as a perturbation expansion in powers of
the exchange splitting Vex and when expressed to leading order in Vex gives
JBA =  4V
2
ex

Z
dE f(E) Im [ gBA(E) gAB(E) ] (6)
where gBA(E) is the spin-independent Green Function describing electron propagation in the pristine
host material [53].
This expression for the coupling is equivalent to the Ruderman–Kittel–Kasuya–Yosida (RKKY)
approach, initially developed to describe the coupling mechanism of nuclear magnetic moments [40],
then expanded to describe a wider range of indirect coupling phenomena [41,42] and generalised to
provide a model capable of reproducing experimental observations [43,44]. This treats the coupling as
a consequence of the spin polarisation of the conduction electrons of the host by the magnetic objects.
Under this approach, the coupling is written as an effective direct coupling, JBA sB  sA, between the
two moments, where the coupling strength is given by
JBA =

2 ~2
4

0BA (7)
where  is an adjustable parameter representing the magnitude of the coupling between localised spins
and conduction electrons and  is the static magnetic susceptibility which relates the response of the host
magnetisation to a static magnetic field. Writing this quantity in terms of Green functions,
0BA =  
2

Z
dE f(E) Im [ gBA(E) gAB(E) ] (8)
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and the equivalence of Equations (6) and (7) becomes clear.
Thus the RKKY approach can be considered a second-order perturbational approximation to the IEC.
The approaches are in general equivalent, except when Vex >> 1 or when the host material possesses
certain symmetries [53–56]. The RKKY approximation generally provides a good description at large
separations when the coupling is quite small. An important contrast between the Lloyd formula approach
and the RKKY approach is the choice of Green function used. The former approach avails of the
spin dependent Green functions in the ferromagnetic configuration, g"BA and g
#
AB whereas the latter
approach generally uses their pristine, spin-independent counterparts. We note that use of the pristine
GFs essentially sets the value of the bandcentre, , to zero. An intermediate approach can be taken by
using the spin-dependent Green functions with an RKKY-like expansion of the logarithm in the Lloyd
expression. The general form expected for the coupling is
J(D)  cos(2kF D)
D
(9)
where kF is the Fermi wavevector in the conducting host and the exponent  determining the rate of
decay with separation depends on the dimensionality of the system.
Most of the analytic investigations into the IEC in graphene make use of the RKKY approximation.
Although we have written it here in terms of energy dependent Green functions, it is often formulated
differently. A common alternative formulation is in terms of time dependent Green functions, the Fourier
transforms of the GFs used here, although conflicting results have been reported depending on whether
the real or imaginary time representations are used [57–59]. Numerical approaches to indirect exchange
interaction generally proceed in one of two ways. The first uses numerical methods to calculate either
perturbative or exact expressions for the coupling like those given above. Another method involves direct
calculation of the energies of the individual FM and AFM configurations. This is a common approach
in ab initio calculations [60–64] although it has been employed also for tight-binding models [65,66].
The computational cost of this type of calculation tends to limit these investigations to small or medium
values of separation and it can be difficult to perform a meaningful comparison with results for the
asymptotic behaviour calculated in other ways.
2.2. Calculations in Graphene
Now that we have introduced the general methodology to calculate indirect exchange couplings, we
shift our focus to examine the specific case of interactions in graphene. The electronic structure of
graphene plays a key role in determining the interaction properties and so we first outline the different
methods used to calculate or approximate the band structure. We then discuss how the Green functions
required for some coupling expressions can be found and compare the different approaches used to
calculate the coupling.
The electronic structure of graphene near the Fermi energy is principally determined by  bonds
formed from the out of plane 2pz orbitals of carbon atoms situated on the vertices of a hexagonal,
or honeycomb, lattice. The remaining carbon orbitals hybridize in plane to form very stable  bonds
which give graphene its extraordinary strength. Thus a single-orbital nearest-neighbour tight-binding
Hamiltonian is usually more than adequate when describing the electronic properties of graphene. To
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write this Hamiltonian we make use of the two-atom unit cell shown in Figure 1. Thus every site in the
lattice is denoted by a vector r giving the unit cell location and an index n = 0; 1 differentiating between
the two sites within the unit cell, illustrated by filled and hollow symbols in the figure. The tight-binding
Hamiltonian is written
H^ =
X
<r;n;r0;n0>
jrni tn;n0r;r0 hr0n0j (10)
where jrni represents the orbital at the site given by fr; ng and tn;n0r;r0 is the electronic hopping term
between two such orbitals. The sum is restricted to orbitals at neighbouring sites and the non-zero
hopping terms all take the value t =  2:7 eV. One consequence of only allowing nearest neighbour
hoppings is that graphene is a bipartite lattice. The sets of filled and hollow symbols in Figure 1 can
be regarded as intersecting triangular sublattices that together form the honeycomb graphene lattice.
Introducing hopping terms beyond the first nearest neighbour break the bipartiteness of graphene.
However, since these terms are much smaller than the nearest neighbour hoppings, graphene behaves
effectively as a bipartite lattice. It is this feature of the graphene lattice, combined with the half filling of
its  orbitals, that determine many of the features of the RKKY interaction [57].
Using Bloch theorem methods to take advantage of the lattice periodicity, the associated eigenvalues
and eigenvectors of Equation (10) are found to be
(k) = t jf(k)j (11)
and
jk;i = 1p
2N
X
r
e ikr
 
1
e i(k)
!
(12)
where e i(k) = f
(k)
jf(k)j and f(k) = e
 i kxap
3 + 2 cos(kya
2
) e
i kxa
2
p
3 . The bands given by Equation (11) are
shown plotted along the high symmetry points of the graphene Brillouin zone by the solid lines in
Figure 3a.
We note that since the pz orbitals in carbon contain one electron each, then the band is half full and the
Fermi energy of the undoped system is EF = 0. This is exactly the point where the two bands given by
  and + touch and the DOS vanishes. Graphene is thus a zero-bandgap semiconductor, or a semi-metal.
The resultant Fermi surface consists of six discrete points, only two of which are unique, lying at the
vertices, or K points, of the hexagonal first Brillouin Zone (BZ) illustrated in Figure 3. Many of the
interesting properties belonging to graphene arise due to the shape of the bands near the Fermi energy.
Unlike in conventional semiconductors where the bands are parabolic, the band structure of graphene
is linear near EF . This results in electrons or holes near the Dirac points having zero effective mass
and behaving like relativistic particles which can be described using the Dirac equation from Quantum
Electrodynamics. It is worth investigating briefly how graphene electrons are approximated in the linear
regime and the range of energy values over which the approximation is valid.
The region of the graphene spectrum around EF = 0 can be approximated linearly to simplify the
calculation of physical properties. For a point in reciprocal space near the Dirac point, k = K + k,
we find
 (jkj) = 
p
3 a t
2
jkj = ~ vF jkj (13)
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Figure 3. (a) shows the band structure of graphene calculated using both the tight-binding
Hamiltonian (solid lines) and the linearised Hamiltonian (dashed lines). The bands are
plotted along the high symmetry points of the graphene Brillouin Zone shown by the dashed
red plot in (b). The shaded rectangular area in (b) is a possible alternative to the standard
hexagonal Brillouin zone.
K Γ M K'
-2
0
2
E
(
t
)
K
Γ M
K'
a) b)
where the Fermi velocity of graphene, vF = 1~
dE
dk
 106ms 1. In Figure 3a we compare the linear
approximation of the band structure (dashed lines) with that calculated previously (solid lines). It is seen
to be a very good approximation in the region surrounding E = 0, but loses accuracy quickly outside
this regime.
To calculate the coupling using the expressions in the previous section, we need the Green function
connecting two sites on the pristine graphene lattice. There are a number of different ways to calculate
this quantity and use it to calculate the coupling, but for illustration we will focus on a real space, energy
dependent Green function calculated from the dispersion relation and eigenvectors of the non-linearised
tight-binding Hamiltonian. The Green function we require is given by an expression of the form
g
nj ;nl
jl = hrj; nj j g^(E) j rl; nli
=
a
2
a
p
3
4
Z
dky
Z
dkx
N(E) eik(rl rj)
E2   t2 jf(k)j2
(14)
where
N(E) = E if nj = nl
tf(k) nj = 1; nl = 2
tf(k) nj = 2; nl = 1
and the reciprocal space integral is over the first BZ, where for convenience, we can define a rectangular
BZ consisting of segments drawn from multiple neighbouring BZs whose area equals that of the
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hexagonal BZ. A possible rectangular BZ is shown by the shaded area in Figure 3b. We note that
the Green function expression takes a different form for sites on the same or on opposite sublattices.
The most obvious, if not most efficient, way to proceed from here is a brute-force two-dimensional
numerical integration. However, we have shown previously [67] that it is possible to perform one of the
integrals completely analytically, greatly reducing the numerical cost of the Green function calculation.
Furthermore, for separations greater than a few lattice spacings in the high symmetry zigzag and armchair
directions it is possible to approximate the remaining integration to a high degree of accuracy using the
Stationary Phase Approximation (SPA), to yield a closed form expression for the Green function
GD(E) = A(E) e
iQ(E)D
p
D
(15)
where A(E) is an energy-dependent coefficient and Q(E) can be identified with the Fermi wavevector
in the direction of separation. The full analytical expressions for these quantities for armchair and zigzag
separations can be found in [67]. Once calculated using any of these methods, the Green functions can
be substituted directly into the RKKY integration in Equation (6). Alternatively, they can be used to
calculate the spin-dependent Green functions required for the non-perturbative total energy expression
in Equation (4), where the Dyson equation is used to add a spin-dependent potential at the magnetic sites.
At this stage, it is worth mentioning some of the alternative methods used to calculate the graphene
Green function for RKKY calculations in the literature. Many of the earlier, analytic studies employ
the linear approximation to the graphene band structure [57,58,68–70] and may also use time-dependent
Green functions in lieu of the energy dependent form shown here [57–59]. There is some discrepancy
between early results for both the sign and decay rate of the interaction (e.g., [57,58,69]), but many of the
key features to be discussed in the next section are present in [57] and later confirmed by other studies.
Numerical investigations using Green function techniques have tended to use an energy dependent form,
but calculated in a variety of ways [67,71,72]. Sherafati and Satpathy [71] employ both full numerical
integration of the Green function integral in Equation (14) and the recursive Horiguchi method, which
relates the graphene Green function to those of the triangular lattice, which in turn are expressed in
terms of elliptic integrals [73]. Although more efficient than the full integration, the Horiguchi method
was only stable for small values of separation [71]. In the same work, an analytic treatment in the
linear dispersion regime using energy dependent GFs confirmed, with some refinement, many of the
features predicted previously using time dependent GFs. In a study of RKKY interactions in disordered
graphene sheets, Lee et al. [72] used the Kernel Polynomial Method [74] to express the Green functions
in terms of Chebyshev polynomials with recursively calculated coefficients. Working outside the Green
function formalism the interaction can be calculated by determining the total energies of the FM and
AFM alignments of the moments. Such an approach can use tight-binding models similar to those
presented here [65,66] or more complete ab initio calculations [60–64]. Such methods often rely
on periodic boundary conditions and relatively small unit cells, leading to problems like interference
between moments in neighbouring cells [75] and difficulty in calculating the interaction for separations
greater than a few multiples of the lattice parameter.
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3. Interaction between Simple Magnetic Impurities
In this section we consider localised magnetic moments that are associated with a single lattice
site in graphene. These can be thought of as substitutional magnetic impurities replacing a single
carbon atom in the lattice, or as moments induced at a lattice site by the presence of an adsorbate.
This type of impurity is the most commonly considered in the literature and the exchange interactions
between pairs of these impurities have been investigated using many of the methods discussed in the
previous sections. The expressions for the couplings given in Equations (4) and (6) are easily applied to
moments of this kind as the Green functions required are either those for pristine graphene with a simple
spin-dependent perturbation at the magnetic sites, or without this perturbation if the RKKY expression
is used. Throughout this section we will consider two magnetic impurities occupying sites A and B in
the graphene lattice, separated by a distance D, with an indirect exchange interaction JAB.
In the earliest studies, the RKKY interaction in graphene was often considered in conjunction
with Friedel Oscillations (FO). The latter involve distance dependent charge fluctuations relative to an
impurity site and there is a large degree of overlap in the physics involved. Using an analytic Dirac
linearisation approach to study FO, Cheianov and Fal0ko predicted that charge density FO would decay
as   D 3, but the RKKY interaction as J  D 2 [69]. Wunsch et al., meanwhile, found the
magnitude of induced moments to decay as D 3 away from a magnetic impurity and predicted the
RKKY interaction to behave likewise [76]. Before these reports, an early study by Vozmediano et al.
investigating possible ferromagnetism in graphene layers arising from localised moments near lattice
distortions had examined the RKKY interaction between moments surrounding elongated cracks in
graphene [68]. Although more complicated structures than considered elsewhere, a decay rate of
D 3 for a non-oscillatory, always ferromagnetic interaction was reported. An important paper by
Saremi clarified many of the features of the interaction [57]. Firstly, a general proof was given
regarding the sign of the RKKY interaction in a half-filled bipartite lattice. This showed that, due
to electron-hole symmetry in such systems, the coupling was ferromagnetic between moments on the
same sublattice and antiferromagnetic between moments on opposite sublattices. In the same work,
analytic calculations were performed in the linear dispersion regime to determine the functional form
of the RKKY interaction. These calculations included the explicit use of a cut-off function to prevent
divergences arising from high energy contributions. There has since been some debate about the form,
or even the necessity, of the cut-off function and of the nature in which the time-dependent Green
function integrations are performed [57–59,65,67,71,77]. However, many of the principal features of
the interaction reported by Saremi have been verified by other studies, including a contemporaneous
paper by Brey et al. [70].
1. FM (AFM) interaction between moments on the same (opposite) sublattice(s), with the magnitude
of the AFM interaction three times greater;
2. A decay rate of JAB  D 3;
3. An oscillatory term of the form 1 + cos(2Q(EF )D), where Q(EF ) is the component of the Fermi
wavevector parallel to the separation direction.
Bunder and Lin suggested that differences between the real time and imaginary time approaches
could lead to a breaking of the theorem regarding the sign of the interaction [58]. In particular they
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report sign changing oscillations for the interaction in zigzag-edged graphene nanoribbons. However,
fully-numerical calculations of the coupling by Black-Schaffer do not find such sign changes, which
the author attributes to the perturbative nature of the previous calculations [65]. In the same work, the
main predictions made by Saremi are verified using a numerical exact diagonalisation method to find the
energy difference between the FM and AFM orientations. A minor refinement is the introduction of a 
phase shift in the cosine term for moments on opposite sublattices. In fact, Sherafati and Satpathy showed
that this phase shift is not a constant but depends on the direction of separation, taking a maximum value
of  for zigzag separations and vanishing for armchair separations [71]. This additional phase shift term
can be added to the three features proposed by Saremi to provide a complete description of the RKKY
interaction between simple single-site magnetic moments in graphene.
Using the stationary phase form of the Green function in Equation (15), we have previously
demonstrated how the principal features of the interaction in the RKKY approximation can be
calculated [67]. The integration over energy in Equation (4) can be reduced to a sum over Matsubara
frequencies. The functions B(E; ") = A2(E; ") and Q(E; ") are expanded around EF and in the low
temperature limit T ! 0, we find
JBA  Im
X
`
J`(EF )
D `+2
exp (2iQ(EF )D) (16)
where
J`(EF ) = ( 1)
` V 2ex B(`)(EF )
(2Q0(EF )) `+1 (17)
is the distance-independent coefficient for the `-th term in the power series, ` is a non-negative integer
and B(`)(EF ) is the `-th order energy derivative of B(E) evaluated at EF , resulting from its Taylor
expansion. In general the leading term in the series should determine the asymptotic decay rate of the
coupling. For the undoped case it can be shown that the coefficient B(0)(0) = 0, so that the l = 1 term
dominates and J(EF = 0)  D 3. The exact oscillatory term predicted by Saremi is reached by forcing
the real part of the Green function to vanish at EF = 0.
Figure 4 shows a numerical calculation of the coupling, calculated using Equation (5), for
substitutional magnetic impurities in graphene. The coupling is plotted as a function of separation
for both armchair and zigzag directions, and for impurities on the same and on opposite sublattices.
Results are shown for both undoped (EF = 0:0) and doped (EF = 0:1jtj) cases. The full range of
features discussed in this section are present. In particular we note the D 3 decay rate and absence of
sign-changing oscillations in the undoped cases. We note the presence of a period-3 oscillation in the
zigzag direction compared to the monotonic decay for the armchair case. This results from slightly
different commensurability effects in the two directions. In undoped graphene, the oscillations are
determined by cos2(kF  D). The components of the Fermi wavevector in the armchair and zigzag
directions are 2p
3a
and 2
3a
respectively. Since the spacing between unit cells is
p
3a for armchair and a
for zigzag separations, the cosine squared term takes a constant value of 1 in the armchair direction but
cycles repeatedly through the sequence 1
4
, 1
4
, 1 as the separation is increased in the zigzag direction. Also
evident in the zigzag separation plot is the  phase shift between same and opposite sublattice cases.
When the system is doped, as in the bottom panels, a longer-ranged interaction decaying as J  D 2 is
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seen. Long-wavelength, sign-changing oscillations are also introduced by the change in the shape of the
doped Fermi surface.
Figure 4. The indirect exchange coupling between two moments separated in the armchair
(direction) are shown in the left (right) panel as a function of moment separation. Results for
the undoped (doped) case are shown in the top (bottom) panels. Results are shown for both
the same sublattice (black, solid lines) and opposite sublattice (red, dashed lines) cases.
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4. Beyond the Simple Case
In the previous section we highlighted the features of the magnetic interaction in graphene for
the simplest kind of impurities. These impurities are the kind usually investigated within the RKKY
approximation. In this section we consider a number of extensions to the simple Hamiltonian describing
the system and examine the effects they have on the coupling. We consider first a more general or
realistic description of the magnetic impurities and examine the effect of impurity parameterisation on
the interaction. We show that the use of the pristine Green function in the RKKY approximation ignores
these effects which can in principle overturn some of the results noted in the previous section. Then
we move to the case when the impurity connects to more than one atom in the graphene lattice and
examine the effect on the decay rate of the interaction. Finally, more detailed descriptions of the graphene
electronic structure are considered. We discuss the possible effects of electron-electron interactions and
spin- orbit coupling and examine the results of some ab initio calculations.
4.1. Impurity Parameterisation
Calculations using the RKKY approximation do not generally account properly for the local spin
dependent potentials describing the magnetic moments. In fact, the parameterisation of the magnetic
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impurity is generally neglected through the usage of the pristine Green functions. In this section
we consider the effect of three parameters that can be used to characterise the magnetic impurities.
In addition to the magnetic moment (m) and band-centre shift (), shown in Figure 2 and which
can be calculated, for example, using self-consistent mean-field calculations, we also consider the
hopping potential between the lattice carbon sites and the impurity site (t0) which should differ from the
carbon-carbon hopping. This approach is similar to the Anderson model describing localised magnetic
impurity states in metals [78]. These parameters will vary between the different magnetic species that
can be chosen as the embedded impurities.
In Figure 5 we plot the coupling between substitutional impurities on the same sublattice, calculated
using the Equation (4) and exact Green functions, as a function of separation along the armchair
direction for three different parameter sets (m; ; t0). The first of these (0:6; 0:0; t) closely replicates
the results of the RKKY approach as it considers only a band-splitting, has no band-centre shift and
uses the carbon-carbon hopping value. The numerical calculations in the previous section used a similar
parameterisation. The middle and bottom plots use the parameters (0:6; 5:0; 0:8t) and (0:6; 8:0; 0:6t)
respectively. In these plots we see the formation of an unusual feature not predicted by the RKKY
approximation. For quite a large range of distances we note a preferential antiferromagnetic alignment
between the moments before the sign flips and the standard ferromagnetic coupling with a 1=D3 decay is
recovered. A similar sign-changing behaviour has been reported in nanotubes [49] and also by ab initio
calculations attempting to probe the interaction in graphene [64]. It is worth examining further how this
feature depends on the parameterisation of the magnetic moments.
Figure 5. The magnetic coupling between two magnetic sites on the same sublattice as
a function of their separation, D, along the armchair direction for three different impurity
parameterisations: (a) (m = 0:6,  = 0:0, t0 = t); (b) (m = 0:6,  = 5:0t, t0 = 0:8t) and
(c) (m = 0:6,  = 8:0t, t0 = 0:6t). The insets show log-log plots where a sign change in the
coupling is evident from a dip feature.
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In Figure 6 we present a number of phase diagrams showing the sign and strength of the coupling for
different values of these parameters.
Figure 6. (m; ) phase-space diagrams for separations of 10
p
a (top row) and 40
p
a (bottom
row) for three different values of the impurity-carbon hopping parameter t0. The sign of the
coupling is indicated by the colour (blue for FM and red for AFM) and the strength of the
coupling by the degree of shading.
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Each diagram represents an area of (m; ) phase space with ferromagnetic (antiferromagnetic)
couplings given by a blue (red) shading that is darker for larger magnitude couplings. The diagrams
on the top row correspond to a separation of 10
p
a between the magnetic moments and from left to right
show the cases of t0 = 1:0t; 0:8t; 0:4t. The bottom panels show the same cases for a larger separation of
40
p
a. By examining the border between the blue and red regions in these plots we can infer under what
circumstances the sign-change behaviour described above occurs. In all cases the border position varies
only weakly with the magnetic moment (m) or hence the band-splitting (Vex). A stronger dependence
is found on the band-centre shift () and we find that, in general, an anti-ferromagnetic alignment is
found above a critical value of . The band-centre shift is strongly dependent on the occupation of the
magnetic orbital. For a bipartite lattice like graphene a substitutional impurity with a half-filled orbital
gives zero band-centre shift when t0 = t. As we move away from half-filling a larger band-centre
shift is required to return the correct band occupation. For smaller values of t0 we note that the border
between the blue and red regions shifts towards the left, meaning that smaller band-centre shifts will
lead to an AFM alignment. Increasing the distance between the impurities reduces the phase-space area
corresponding to an AFM alignment by shifting the border to the right and requiring larger band-centre
shifts. This finding agrees with the distance-dependent plots in Figure 5 for fixed parameters which
show that in the asymptotic limit the coupling changes sign and returns the FM alignment predicted
by the RKKY approximation. However, as in the bottom panel of Figure 5, the magnitude of the
coupling has essentially decayed to zero before the sign change occurs so the only significant coupling
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between two such impurities is antiferromagnetic. At this point, we note that the theorem proposed by
Saremi [57] suggesting that the same (opposite) sublattice coupling is always FM (AFM) only applies
for the case of bipartite lattices with half-filling. The configurations discussed here break the half-filling
requirement and electron-hole symmetry, at least locally, and this has a dramatic effect on the nature of
the interaction. In particular, depending on the moment parameterisation, a strong antiparallel alignment
between two substitutional magnetic impurities in graphene may persist to considerable separations.
This result is contrary to many predictions made regarding the RKKY interaction in graphene and shows
that caution needs to be applied when extrapolating the results of simple calculations to more realistic
magnetic impurities.
4.2. Multi-Site Impurities
The features of the RKKY interaction discussed in Section 3 contain a strong sublattice dependence.
A substitutional or top-adsorbed impurity is associated with a single site on the graphene lattice and
therefore also with a single sublattice, as illustrated in Figure 7a. We have seen how the sign of the
interaction, at least for simple impurity parameterisations, depends on whether the interaction is between
sites on the same or on opposite sublattices. However, another type of impurity can be considered which
is associated with an equal number of sites on both sublattices. Two examples of this type of impurity are
shown in Figure 7. These are the bridge impurity (b), adsorbed onto the lattice midway between an atom
from each sublattice, and the plaquette, or centre-adsorbed, impurity at the centre of hexagon (c) and
bonding equally to the six surrounding carbon atoms. Plaquette impurities have been investigated more
thoroughly than bridge impurities and a number of interesting predictions have been made. An important
difference is noted between the results for incoherent and coherent type moments [57]. For incoherent
moments, the calculation essentially consists of adding the contributions of the thirty-six single-site
interactions between the associated sites of one moment and the other. Coherent moment calculations
are more complete and can be performed, for example, using Equation (4) with the spin-dependent Green
functions of a graphene sheet with the two impurities connected to the graphene sheet using the Dyson
equation and an appropriate perturbation potential. Saremi noted a decay rate of D 3 for incoherent
plaquette impurities [57], a result confirmed by further studies [65,70,71]. However, Saremi also noted
that for the coherent case the D 3 term vanishes and that the decay in this instance is faster. This
is similar to the decrease in the interaction range reported for plaquette impurities in metallic carbon
nanotubes [48], where the decay rate was found to be D 5 compared to the D 1 rate predicted for
substitutional or top-adsorbed impurities. Uchoa et al. have since reported a decay rate of D 7 for
plaquette impurities in graphene [79].
The sign of the interaction between plaquette impurities is also of interest. An always AFM coupling
is widely reported in the literature [57,65,71], although Uchoa et al. report a FM coupling for smaller
values of separation [79]. The prevalence of an AFM coupling can be understood from the single-site
coupling results. We may initially expect the plaquette impurity to average out the sublattice-driven
preference for an always FM or AFM coupling. However, we recall that the magnitude of the AFM
coupling in the single site case is three times larger than that of the FM coupling. Thus the AFM
contributions from inter-sublattice terms are larger than FM contributions from intra-sublattice terms
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and an overall AFM coupling is found between plaquette impurities. Another interesting feature for this
impurity type is that the period-3 oscillations noted for zigzag separations are no longer present and a
smooth monotonic decay of the coupling is noted for separations in all directions. The jagged features
are averaged out by the fact that a plaquette impurity is associated with an equal number of sites from
each group defined by the period-3 sequence noted for single-site impurities.
Figure 7. The three types of impurity configuration discussed: (a) substitutional atom;
(b) bridge-adsorbed atom and (c) plaquette impurity.
(a) (b) (c)
Sherafati and Satpathy [71] have examined the case of bridge impurities and find a rare example of
sign-changing oscillations in the interaction in undoped graphene. They report that every third value of
separation has an AFM coupling, and the other two are FM.
4.3. Spin-Orbit Effects, Electron-Electron Interactions and ab initio Calculations
Having spent some time examining the effects of more detailed impurity parameterisations, it is now
worth considering the role a more complicated description of the graphene electronic structure may
play. Such a description may include additional terms in a model Hamiltonian calculation or a full
ab initio treatment using a Density Functional Theory (DFT) approach. An early study of this type was
undertaken by Dugaev et al. [80] and investigated the interaction in a graphene system where a small
gap was introduced by the inclusion of spin-orbit effects. Using an analytic approach based on the Dirac
equation, the prediction of an always FM interaction with a long tail exponential decay was made.
Black-Schaffer [66] included the effect of electron-electron interactions in a numerical study of
the RKKY interaction. These interactions were included using a mean-field solution of a Hubbard
Hamiltonian with a finite onsite Coulomb repulsion term U at each site in the graphene lattice. Similar
methods have been used previously to investigate intrinsic magnetism in graphene arising from the spin
polarisation of localised states near zigzag edges. A number of interesting effects are noticed as the value
of U is increased. The oscillatory features in the zigzag direction are removed, as is the factor of three
amplitude difference between inter- and intra-sublattice couplings. Furthermore, the decay exponent
decreases from 3 for U
t
= 0 to below 2 when U
t
> 2. At this value of U the interaction is also isotropic,
with no difference between the interactions for armchair and zigzag separations.
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A few ab initio studies have been performed which address exchange couplings between localised
magnetic moments in graphene. These studies are generally difficult to compare with the other results
presented here for a number of reasons. Due to a much larger computational cost, ab initio calculations
are generally only performed for very small values of separation. The majority of these calculations
use periodic boundary conditions, which can result in magnetic interactions between impurities in
neighbouring unit cells [75,81]. In fact, such interactions can lead to unusual results in ab initio studies
examining a single magnetic impurity due to the non-oscillatory nature of the RKKY interaction in
graphene. Preferential AFM alignment between impurities in neighbouring unit cells can potentially
lead to the total suppression of the magnetic moment [31,75]. Periodic unit cell calculations within a
tight-binding scheme can minimise this effect by including a large “padding” region around the
impurities [65], but this is usually not feasible in DFT. Signatures of the RKKY interaction can also be
seen in DFT calculations when the effective distance between moments in single impurity concentrations
is varied by increasing the size of the unit cell [32,60]. From a study of pairs of localised moments
arising from simple vacancy defects, Pisani et al. [61] extracted a decay rate of D 1:43 for moment
separations of up to 25A˚. This agrees with Black-Schaffer’s calculations including electron-electron
interactions when the onsite Coulomb repulsion term is U
t
= 2:1. A study by Santos et al. [62]
however extracts a decay rate of D 2:43 for a FM decay between substitutional cobalt impurities on the
same sublattice. This result is significantly closer to the D 3 rate predicted without electron- electron
interactions. Calculations between Fe atoms meanwhile suggest a preferred AFM alignment between
impurities on the same sublattice [75], suggesting that the nature of the interaction depends strongly
on the magnetic species chosen, in agreement with the findings of Section 4 of the current work.
Moments arising in hydrogenated armchair-edged graphene nanoribbons generally preferred an AFM
alignment [63]. Carbon adatoms, adsorbed in the bridge configuration, were found for small separations
to have a FM alignment. For larger separations both FM and AFM alignments were found for different
values of separation [64].
These findings show that there is still quite a large amount of discrepancy between the interactions
predicted using simple RKKY-like models and more complete DFT calculations, which appear very
strongly dependent on impurity configuration. Furthermore, direct comparison of results from both
methods is often thwarted by the separation constraints imposed by DFT calculations and the possibly
oversimplistic treatment of magnetic impurities in model calculations.
5. Manipulating the Interaction
In this section we discuss a number of factors which may allow manipulation of magnetic interactions
in graphene. A degree of control over the properties of the interaction may be required for spintronic
applications, for example to switch on and off spin currents or to dynamically change the magnetic
ordering in a system. Another important consideration is that the interactions discussed so far have been
very short-ranged, due to a fast decay rate arising from the peculiar electronic dispersion relation in
graphene. Methods of augmenting the interaction, or slowing the rate of decay, may thus help overcome
some of the difficulties in realising magnetically-doped graphene devices.
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5.1. Geometry Effects
A number of studies have looked at magnetic interactions in graphene systems with geometries
other than the standard two-dimensional sheets considered so far in this work. These include
nanotubes [47–50,82,83], nanoribbons [58,63,65,66,84,85], nanoflakes [86] and multilayer graphene
systems [59,87–90]. Quasi-one-dimensional graphene systems, such as nanotubes and nanoribbons,
are expected to display longer ranged interactions than those present in two-dimensional graphene
sheets. Indeed, metallic nanotubes have been shown to display a long ranged D 1 interaction when
substitutional, top-adsorbed or bridge-adsorbed impurities are considered [47,48]. However, similar to
the case of graphene, the interaction between plaquette impurities is found to decay at the much faster
rate of D 5. The sublattice dependent sign rules discussed for graphene also hold for nanotubes within
the RKKY approximation, but can be broken when the parameterisation of the impurities is altered [49].
The eigenstates of carbon nanotubes are subject to periodic boundary conditions in the circumferential
direction which ensure the equivalence of all lattice sites. This is not the case in nanoribbon systems
where edges are present and each lattice site can be characterised by its distance from the edges. Thus
we should expect the interaction to contain a dependence on the location of the impurities across the
width of the ribbon. Such a dependence is found in many properties of doped ribbons, including binding
energies [91], conductance [92,93] and the magnitude of magnetic moments [94]. The presence of
localised edge states for zigzag edge geometries [17–19] should also be expected to introduce features not
present in graphene sheets or nanotubes. Black-Schaffer [65] examined the interaction in nanoribbons,
finding that armchair edges did not significantly alter the coupling from the bulk case. However, for
localised moments at the edge of zigzag ribbons, an exponentially decaying interaction was reported.
The interaction was FM for moments along one edge and AFM for opposite edges. However, the
magnitudes of the FM and AFM interactions were equal, unlike the larger AFM magnitude found for the
bulk case. Towards the ribbon centre, the results for the bulk were recovered. Including electron-electron
interactions in the calculation suggested that the distance dependence vanished for reasonable values of
U , leading to an extremely long-ranged interaction [66]. Szałowski studied the RKKY interaction in
finite graphene nanoflakes, finding that for certain geometries the addition of a single additional charge
carrier could change the sign of the interaction [86]. A recent work by Klinovaja and Loss extends the
study of the interaction in one-dimensional graphenes to include spin-orbit interactions[95]. The RKKY
interaction has been studied in bilayer graphene systems by several authors [59,87–89]. The quadratic
nature of the dispersion relation in bilayers means that many of the features present in monolayer
graphene are removed. Another interesting feature is that, for A-B stacking, a plaquette impurity in
one layer is embedded above a single graphene lattice site on the other layer. Extending the study to
more than two layers, Jiang et al. [90] find a number of different decay rate possibilities, depending on
the positions of the two impurities and on the number of layers.
5.2. Doping and Disorder
The key features of the RKKY interaction when the Fermi energy is shifted away from half-filling
are clear from the bottom panels of Figure 4. These are namely a longer ranged interaction that decays
as D 2 and sign-changing oscillations, the periods of which depend on the component of the Fermi
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wavevector in the direction of separation. The appearance of oscillations is due to the breaking of the
commensurability effect between the Fermi wavevector and the lattice spacings. Many of the studies
of the IEC in graphene establish these key features in doped or gated graphene, but they have been
explored in more detail by Sherafati and Satpathy [96], where the possibility of controlling the sign of
the interaction with a gate voltage is raised. The possibility of controlling the interaction using a gate
voltage has also been discussed for bilayer graphene [88].
Lee et al. [72] examine the effects of nonmagnetic disorder on the RKKY interaction in monolayer
graphene. The Anderson model was employed to study both onsite and hopping term disorder. Onsite
disorder was found to induce sign-changing oscillations in the coupling in certain directions, whereas
off-diagonal disorder only effected the amplitude, and not the sign, of the interaction. This suggests that
sign-changing behaviour is introduced by the breaking of sublattice symmetry, in a similar manner to that
discussed for impurity parameterisation in Section 4. For weak disorder, the interaction retained similar
decay behaviour to the clean case. In the strongly disordered, localised regime exponential suppression
of the coupling with increasing moment separation was observed. In a recent work, the same authors
examine the interplay of disorder and gate voltage [97].
5.3. Strained Graphene Systems
Strain-engineering of graphene systems has received a lot of attention in recent literature due to the
possibility of tuning many of the physical properties of graphene [98–109]. The degree of tuning is
enhanced by the different types of strain that can be applied. Apart from simple uniaxial strains [98,110],
more exotic features like creases and bubbles can be introduced [101,104,106,111–113]. In a recent
work, we have explored the possibility of manipulating the IEC in graphene by the application of uniaxial
strains parallel or perpendicular to the moment separation direction [109]. Another recent work also
explores this topic [108]. We find that both amplification and suppression of the magnetic coupling
can be achieved. We reported a general trend of amplification for strain perpendicular to the moment
separation direction, or suppression for strain parallel to this direction. Also noted are oscillations in the
amplification as strain is increased for moments separated in non-armchair directions. Such oscillations
suggest the intriguing possibility of selectively turning on or off the coupling between moments and also
of controlling the inter- and intra-sublattice couplings independently. Since the IEC underpins physical
features, including overall moment formation and magnetotransport response, the ability to fine tune the
coupling with strain may lead to interesting spintronic applications. Thorough investigation of graphene
systems with magnetic impurities and with different types of strain applied may yield a further range of
tuneable spintronic properties.
5.4. Spin Precession and Dynamic RKKY
One of the major obstacles in the path of exploiting the RKKY interaction between magnetic
impurities in graphene for spintronic devices is the very short range of the interaction. It has been
suggested that the range of RKKY-like interactions can be augmented if the magnetic moments are
set in motion, for example, if they are set to precess by the application of a suitable time-dependent
magnetic field [114,115]. Such an interaction is driven by non-equilibrium spin currents emanating
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from the precessing moments [116]. The magnitude of the interaction can be measured by a quantity
called the dynamic spin susceptibility, which describes the response of the magnetism of the system to
a dynamic magnetic perturbation. Investigation of this quantity in carbon nanotubes [82] has revealed a
decay rate slower than that of the static coupling. Further studies of spin dynamics in graphene systems
have suggested the use of these materials as spin waveguides [117], spin-pumping transistors [118] and
spin current lenses [119]. Recent experimental evidence also suggests possible long-range spin current
behaviour in graphene [120]. In a recent study [121], we examined the spin susceptibility in graphene as
a dynamic analogue of the static RKKY coupling, with a particular focus on the separation dependence
of the interaction. We find that the decay rate for the dynamic RKKY approaches D 1 for both
doped and undoped systems, giving a significant augmentation of the interaction range. Furthermore,
the dynamic interaction can be related to fluctuations in the lifetimes of magnetic excitations at the
impurity sites. Such quantities have been probed in other materials using inelastic scanning tunnelling
spectroscopy [122–125], suggesting that this method may be used to detect signatures of the dynamic
RKKY interaction in graphene.
6. Conclusion and Experimental Considerations
In this review we have examined many aspects of indirect exchange interactions in graphene
systems. The various approaches to calculating the coupling, ranging from analytical solutions of
the RKKY approximation using the Dirac approximation, to numerically expensive ab initio total
energy calculations, via tight-binding energy difference calculations with varying levels of impurity
parameterisation, were discussed. Each of these methodologies has merits and pitfalls, and the
contrasting results suggest that there is still some work to be done before useful comparison can be made
with experimental results. On the experimental side, it is understandable that with a decay rate as fast
as D 3 it is difficult to probe the interaction for any reasonable separation. The presence of magnetism
in disordered graphene systems may indicate the presence of an exchange coupling between magnetic
moments formed around defects. Nuclear magnetic resonance experiments reveal that these defects
have indeed magnetic moments, since they couple to implanted Fe atoms [126]. However, whether or
not these moments couple with each other, or with the graphene lattice, to form a ferromagnetic state
is a controversial subject and many of the results in this area have proved difficult to reproduce [5].
Progress in spin-dependent scanning tunnelling spectroscopy has enabled the RKKY interaction to
be measured directly from the magnetisation curves of individual magnetic adatoms [127,128]. As
discussed above, signatures of the dynamic analogue of the RKKY interaction may be detectable from
the magnetic excitation lifetimes of individual moments measured using inelastic scanning tunnelling
spectroscopy [122–125]. In this case, the longer range of the interaction may make experimental
detection more feasible [121]. Using a gate voltage to increase the interaction range may also be
necessary to probe the interaction in the static case. To our knowledge these types of experiment have
not yet been performed with a graphene host medium. Signatures of indirect exchange interactions
may also be present in transport measurements taken in magnetically-doped graphene systems [49,129],
since different orientations of the magnetic moments lead to different scattering regimes for up- and
down-spin electrons.
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Future work on the topic of indirect exchange interactions in magnetically doped graphene should
focus on the gaps and discrepancies between the various theoretical models, and between these
models and possible experimental configurations. In particular, the strength of the interaction for
specific magnetic impurities and whether it survives from the ideal model to experimentally realisable
conditions of finite temperature and lattice disorder are important considerations. Another area of
exploration is the interplay between magnetic impurities and other features that can be introduced into
the graphene lattice. The topics of different geometries, in the form of nanoribbons and nanotubes, and
of geometrical distortions, in the form of strain, were briefly discussed in this review and results were
mentioned for simple cases. More complicated geometries or distortions may introduce new features
and more possibilities to manipulate the interaction. In moving towards technological application of
RKKY-like interactions, the study of larger ensembles of magnetic impurities will be necessary. The
magnetic and electronic properties that emerge from such ensembles should be dictated by the pairwise
indirect exchange interactions discussed in this review, and may lead to a range of interesting features
and applications.
Acknowledgements
The authors acknowledge financial support received from the Irish Research Council for Science,
Engineering and Technology under the EMBARK initiative and from Science Foundation Ireland under
Grant No. SFI 11/RFP.1/MTR/3083. The Center for Nanostructured Graphene CNG is sponsored by the
Danish National Research Foundation.
References and Notes
1. Geim, A.K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183–191.
2. Geim, A.K. Graphene: Status and prospects. Science 2009, 324, 1530–1534.
3. Castro Neto, A.H.; Guinea, F.; Peres, N.M.R.; Novoselov, K.S.; Geim, A.K. The electronic
properties of graphene. Rev. Mod. Phys. 2009, 81, 109–162.
4. Novoselov, K.S. Nobel lecture: Graphene: Materials in the Flatland. Rev. Mod. Phys. 2011,
83, 837–849.
5. Yazyev, O.V. Emergence of magnetism in graphene materials and nanostructures. Rep. Prog.
Phys. 2010, 73, doi:10.1088/0034-4885/73/5/056501.
6. Wolf, S.A.; Awschalom, D.D.; Buhrman, R.A.; Daughton, J.M.; von Molnr, S.; Roukes, M.L.;
Chtchelkanova, A.Y.; Treger, D.M. Spintronics: A spin-based electronics vision for the future.
Science 2001, 294, 1488–1495.
7. Awschalom, D.D.; Flatte, M.E. Challenges for semiconductor spintronics. Nat. Phys. 2007,
3, 153–159.
8. Chappert, C.; Fert, A.; van Dau, F.N. The emergence of spin electronics in data storage. Nat.
Mater. 2007, 6, 813–823.
9. Fert, A. Nobel lecture: Origin, development, and future of spintronics. Rev. Mod. Phys. 2008,
80, 1517–1530.
Crystals 2013, 3 72
10. Kane, C.L.; Mele, E.J. Quantum spin hall effect in graphene. Phys. Rev. Lett. 2005,
95, 226801:1–226801:4.
11. Huertas-Hernando, D.; Guinea, F.; Brataas, A. Spin-orbit coupling in curved graphene, fullerenes,
nanotubes, and nanotube caps. Phys. Rev. B 2006, 74, 155426:1–155426:15.
12. Min, H.; Hill, J.E.; Sinitsyn, N.A.; Sahu, B.R.; Kleinman, L.; MacDonald, A.H. Intrinsic and
Rashba spin-orbit interactions in graphene sheets. Phys. Rev. B 2006, 74, 165310:1–165310:5.
13. Huertas-Hernando, D.; Guinea, F.; Brataas, A. Spin-orbit-mediated spin relaxation in graphene.
Phys. Rev. Lett. 2009, 103, 146801:1–146801:4.
14. Trauzettel, B.; Bulaev, D.V.; Loss, D.; Burkard, G. Spin qubits in graphene quantum dots. Nat.
Phys. 2007, 3, 192–196.
15. Yazyev, O.V. Hyperfine interactions in graphene and related carbon nanostructures. Nano Lett.
2008, 8, 1011–1015.
16. Fischer, J.; Trauzettel, B.; Loss, D. Hyperfine interaction and electron-spin decoherence in
graphene and carbon nanotube quantum dots. Phys. Rev. B 2009, 80, 155401:1–155401:9.
17. Nakada, K.; Fujita, M.; Dresselhaus, G.; Dresselhaus, M.S. Edge state in graphene ribbons:
Nanometer size effect and edge shape dependence. Phys. Rev. B 1996, 54, 17954–17961.
18. Fujita, M.; Wakabayashi, K.; Nakada, K.; Kusakabe, K. Peculiar localized state at Zigzag graphite
edge. J. Phys. Soc. Jpn 1996, 65, 1920–1923.
19. Son, Y.W.; Cohen, M.L.; Louie, S.G. Half-metallic graphene nanoribbons. Nature 2006, 444,
347–349.
20. Ferna´ndez-Rossier, J. Prediction of hidden multiferroic order in graphene zigzag ribbons. Phys.
Rev. B 2008, 77, 075430–075430:5.
21. Wimmer, M.; Adagideli, I.; Berber, S.; Toma´nek, D.; Richter, K. Spin currents in rough
graphene nanoribbons: Universal fluctuations and spin injection. Phys. Rev. Lett. 2008, 100,
177207:1–177207:4.
22. Kim, W.Y.; Kim, K.S. Prediction of very large values of magnetoresistance in a graphene
nanoribbon device. Nat. Nanotechnol. 2008, 3, 408–412.
23. Tao, C.; Jiao, L.; Yazyev, O.V.; Chen, Y.; Feng, J.; Zhang, X.; Capaz, R.B.; Tour, J.M.;
Zettl, A.; Louie, S.G.; Dai, H.; Crommie, M.F. Spatially resolving edge states of chiral graphene
nanoribbons. Nat. Phys. 2011, 7, 616–620.
24. Kunstmann, J.; O¨zdog˘an, C.; Quandt, A.; Fehske, H. Stability of edge states and edge magnetism
in graphene nanoribbons. Phys. Rev. B 2011, 83, 045414:1–045414:8.
25. Yazyev, O.V.; Helm, L. Defect-induced magnetism in graphene. Phys. Rev. B 2007, 75,
125408:1–125408:5.
26. Palacios, J.J.; Ferna´ndez-Rossier, J.; Brey, L. Vacancy-induced magnetism in graphene and
graphene ribbons. Phys. Rev. B 2008, 77, 195428:1–195428:14.
27. Pedersen, T.G.; Flindt, C.; Pedersen, J.; Mortensen, N.A.; Jauho, A.P.; Pedersen, K. Graphene
antidot lattices: Designed defects and spin qubits. Phys. Rev. Lett. 2008, 100,
136804:1–136804:4.
28. Lieb, E.H. Two theorems on the Hubbard model. Phys. Rev. Lett. 1989, 62, 1201–1204.
Crystals 2013, 3 73
29. Xie, L.; Wang, X.; Lu, J.; Ni, Z.; Luo, Z.; Mao, H.; Wang, R.; Wang, Y.; Huang, H.; Qi, D.; et
al. Room temperature ferromagnetism in partially hydrogenated epitaxial graphene. Appl. Phys.
Lett. 2011, 98, 193113:1–193113:3.
30. Soriano, D.; Leconte, N.; Ordejo´n, P.; Charlier, J.; Palacios, J.; Roche, S. Magnetoresistance
and magnetic ordering fingerprints in hydrogenated graphene. Phys. Rev. Lett. 2011, 107,
016602:1–016602:4.
31. Krasheninnikov, A.V.; Lehtinen, P.O.; Foster, A.S.; Pyykko¨, P.; Nieminen, R.M. Embedding
transition-metal atoms in graphene: Structure, bonding, and magnetism. Phys. Rev. Lett. 2009,
102, 126807:1–126807:4.
32. Santos, E.J.G.; Ayuela, A.; Sa´nchez-Portal, D. First-principles study of substitutional metal
impurities in graphene: Structural, electronic and magnetic properties. New J. Phys. 2010,
12, 053012:1–053012:32.
33. Zhang, H.; Lazo, C.; Blu¨gel, S.; Heinze, S.; Mokrousov, Y. Electrically tunable quantum
anomalous hall effect in graphene decorated by 5d transition-metal adatoms. Phys. Rev. Lett.
2012, 108, 056802:1–056802:5.
34. Weeks, C.; Hu, J.; Alicea, J.; Franz, M.; Wu, R. Engineering a robust quantum spin hall state in
graphene via adatom deposition. Phys. Rev. X 2011, 1, 021001:1–021001:15.
35. Hu, J.; Alicea, J.; Wu, R.; Franz, M. Giant topological insulator gap in graphene with 5d adatoms.
Phys. Rev. Lett. 2012, 109, 266801:1–266801:5.
36. Parkin, S.S.P.; More, N.; Roche, K.P. Oscillations in exchange coupling and magnetoresistance in
metallic superlattice structures: Co/Ru, Co/Cr, and Fe/Cr. Phys. Rev. Lett. 1990, 64, 2304–2307.
37. Parkin, S.S.P. Systematic variation of the strength and oscillation period of indirect magnetic
exchange coupling through the 3d, 4d, and 5d transition metals. Phys. Rev. Lett. 1991, 67,
3598–3601.
38. Edwards, D.M.; Mathon, J.; Muniz, R.B.; Phan, M.S. Oscillations of the exchange in magnetic
multilayers as an analog of de Haas–van Alphen effect. Phys. Rev. Lett. 1991, 67, 493–496.
39. Edwards, D.M.; Mathon, J.; Muniz, R.B.; Phan, M.S. Oscillations in the exchange coupling of
ferromagnetic layers separated by a nonmagnetic metallic layer. J. Phys. 1991, 3, 4941–4958.
40. Ruderman, M.A.; Kittel, C. Indirect exchange coupling of nuclear magnetic moments by
conduction electrons. Phys. Rev. 1954, 96, 99–102.
41. Kasuya, T. A theory of metallic ferro- and antiferromagnetism on Zener’s model. Prog. Theory
Phys. 1956, 16, 45–57.
42. Yosida, K. Magnetic properties of Cu-Mn alloys. Phys. Rev. 1957, 106, 893–898.
43. Bruno, P.; Chappert, C. Oscillatory coupling between ferromagnetic layers separated by a
nonmagnetic metal spacer. Phys. Rev. Lett. 1991, 67, 1602–1605.
44. Bruno, P.; Chappert, C. Ruderman-Kittel theory of oscillatory interlayer exchange coupling. Phys.
Rev. B 1992, 46, 261–270.
45. Baibich, M.N.; Broto, J.M.; Fert, A.; van Dau, F.N.; Petroff, F.; Etienne, P.; Creuzet, G.;
Friederich, A.; Chazelas, J. Giant Magnetoresistance of (001)Fe/(001)Cr Magnetic Superlattices.
Phys. Rev. Lett. 1988, 61, 2472–2475.
Crystals 2013, 3 74
46. Binasch, G.; Gru¨nberg, P.; Saurenbach, F.; Zinn, W. Enhanced magnetoresistance in layered
magnetic structures with antiferromagnetic interlayer exchange. Phys. Rev. B 1989, 39,
4828–4830.
47. Costa, A.T.; Kirwan, D.F.; Ferreira, M.S. Indirect exchange coupling between magnetic adatoms
in carbon nanotubes. Phys. Rev. B 2005, 72, 085402:1–085402:8.
48. Kirwan, D.F.; Rocha, C.G.; Costa, A.T.; Ferreira, M.S. Sudden decay of indirect exchange
coupling between magnetic atoms on carbon nanotubes. Phys. Rev. B 2008, 77,
085432:1–085432:6.
49. Kirwan, D.F.; de Menezes, V.M.; Rocha, C.G.; Costa, A.T.; Muniz, R.B.; Fagan, S.B.;
Ferreira, M.S. Enhanced spin-valve effect in magnetically doped carbon nanotubes. Carbon
2009, 47, 2533–2537.
50. Kirwan, D.F. Theoretical Studies of Carbon Nanotubes Interacting with Magnetic Atoms. Ph.D.
Thesis, Trinity College Dublin, Dublin, Ireland, 2009.
51. Lloyd, P. Wave propagation through an assembly of spheres: II. The density of single-particle
eigenstates. Proc. Phys. Soc. 1967, 90, 207–216.
52. The allowed electron energies are quantised in one-dimensional or multilayer systems. In higher
dimensions the allowed energies are modified by the wells, but are not strictly quantised.
53. d0Albuquerque e Castro, J.; Ferreira, M.S.; Muniz, R.B. Theory of the exchange coupling in
magnetic metallic multilayers. Phys. Rev. B 1994, 49, 16062–16065.
54. Ferreira, M.S.; Muniz, R.B.; d0Alberquerque e Castro, J.; Edwards, D.M. The nature and validity
of the RKKY limit of exchange coupling in magnetic trilayers. J. Phys. Condens. Matter 1994,
6, L619–L623.
55. Ferreira, M.S.; d0Albuquerque e Castro, J.; Edwards, D.M.; Mathon, J. Fundamental oscillation
periods of the interlayer exchange coupling beyond the RKKY approximation. J. Phys. Condens.
Matter 1996, 8, 11259–11276.
56. Tung, L.; Buschow, K.; Franse, J.; Thuy, N. Magnetic coupling between rare earth moments in
some antiferromagnetic Gd compounds. J. Magn. Magn. Mater. 1996, 154, 96–100.
57. Saremi, S. RKKY in half-filled bipartite lattices: Graphene as an example. Phys. Rev. B 2007,
76, 184430:1–184430:6.
58. Bunder, J.E.; Lin, H. Ruderman–Kittel–Kasuya–Yosida interactions on a bipartite lattice. Phys.
Rev. B 2009, 80, 153414:1–153414:4.
59. Kogan, E. RKKY interaction in graphene. Phys. Rev. B 2011, 84, 115119:1–115119:6.
60. Lehtinen, P.O.; Foster, A.S.; Ayuela, A.; Krasheninnikov, A.; Nordlund, K.; Nieminen, R.M.
Magnetic properties and diffusion of adatoms on a graphene sheet. Phys. Rev. Lett. 2003,
91, 017202:1–017202:4.
61. Pisani, L.; Montanari, B.; Harrison, N.M. A defective graphene phase predicted to be a room
temperature ferromagnetic semiconductor. New J. Phys. 2008, 10, 033002:1–033002:9.
62. Santos, E.J.G.; Sa´nchez-Portal, D.; Ayuela, A. Magnetism of substitutional Co impurities in
graphene: Realization of single  vacancies. Phys. Rev. B 2010, 81, 125433:1–125433:6.
63. Soriano, D.; Mun˜oz Rojas, F.; Ferna´ndez-Rossier, J.; Palacios, J.J. Hydrogenated graphene
nanoribbons for spintronics. Phys. Rev. B 2010, 81, 165409:1–165409:7.
Crystals 2013, 3 75
64. Gerber, I.C.; Krasheninnikov, A.V.; Foster, A.S.; Nieminen, R.M. A first-principles study
on magnetic coupling between carbon adatoms on graphene. New J. Phys. 2010, 12,
113021:1–113021:14.
65. Black-Schaffer, A.M. RKKY coupling in graphene. Phys. Rev. B 2010, 81, 205416:1–205416:8.
66. Black-Schaffer, A.M. Importance of electron-electron interactions in the RKKY coupling in
graphene. Phys. Rev. B 2010, 82, 073409:1–073409:4.
67. Power, S.R.; Ferreira, M.S. Electronic structure of graphene beyond the linear dispersion regime.
Phys. Rev. B 2011, 83, 155432:1–155432:7.
68. Vozmediano, M.A.H.; Lo´pez-Sancho, M.P.; Stauber, T.; Guinea, F. Local defects and
ferromagnetism in graphene layers. Phys. Rev. B 2005, 72, 155121:1–155121:5.
69. Cheianov, V.V.; Fal0ko, V.I. Friedel oscillations, impurity scattering, and temperature dependence
of resistivity in graphene. Phys. Rev. Lett. 2006, 97, 226801:1–226801:4.
70. Brey, L.; Fertig, H.A.; Sarma, S.D. Diluted graphene antiferromagnet. Phys. Rev. Lett. 2007,
99, 116802:1–116802:4.
71. Sherafati, M.; Satpathy, S. RKKY interaction in graphene from the lattice Green’s function. Phys.
Rev. B 2011, 83, 165425:1–165425:8.
72. Lee, H.; Kim, J.; Mucciolo, E.R.; Bouzerar, G.; Kettemann, S. RKKY interaction in disordered
graphene. Phys. Rev. B 2012, 85, 075420:1–075420:5.
73. Horiguchi, T. Lattice Green’s functions for the triangular and honeycomb lattices. J. Math. Phys.
1972, 13, 1411–1419.
74. Weiße, A.; Wellein, G.; Alvermann, A.; Fehske, H. The kernel polynomial method. Rev. Mod.
Phys. 2006, 78, 275–306.
75. Venezuela, P.; Muniz, R.B.; Costa, A.T.; Edwards, D.M.; Power, S.R.; Ferreira, M.S. Emergence
of local magnetic moments in doped graphene-related materials. Phys. Rev. B 2009, 80,
241413:1–241413:4.
76. Wunsch, B.; Stauber, T.; Sols, F.; Guinea, F. Dynamical polarization of graphene at finite doping.
New J. Phys. 2006, 8, doi:10.1088/1367-2630/8/12/318.
77. Kogan, E. All approaches to RKKY interaction in graphene are equal, but some approaches
are more equal than others. Available online: http://arxiv.org/abs/1210.5744 (accessed on
18 January 2013).
78. Anderson, P.W. Localized magnetic states in metals. Phys. Rev. 1961, 124, 41–53.
79. Uchoa, B.; Rappoport, T.G.; Castro Neto, A.H. Kondo quantum criticality of magnetic adatoms
in graphene. Phys. Rev. Lett. 2011, 106, 016801:1–016801:4.
80. Dugaev, V.K.; Litvinov, V.I.; Barnas, J. Exchange interaction of magnetic impurities in graphene.
Phys. Rev. B 2006, 74, 224438:1–224438:5.
81. Zanolli, Z.; Charlier, J.C. Spin transport in carbon nanotubes with magnetic vacancy-defects.
Phys. Rev. B 2010, 81, 165406:1–165406:6.
82. Costa, A.T.; Muniz, R.B.; Ferreira, M.S. Dynamic interaction between localized magnetic
moments in carbon nanotubes. New J. Phys. 2008, 10, 063008:1–063008:10.
83. Bunder, J.E.; Hill, J.M. Geometric influence on Ruderman-Kittel-Kasuya-Yosida interactions in
zigzag carbon nanotubes. J. Chem. Phys. 2012, 136, 154504:1–154504:6.
Crystals 2013, 3 76
84. Szałowski, K. Indirect RKKY interaction in armchair graphene nanoribbons. Available online:
http://arxiv.org/abs/1211.0615 (accessed on 18 January 2013).
85. Sun, J.; Hu, F.; Tang, H.; Guo, W.; Lin, H. Indirect exchange of magnetic impurities in zigzag
graphene ribbon. Available online: http://arxiv.org/abs/1211.1199 (accessed on 18 January 2013).
86. Szałowski, K. RKKY coupling between impurity spins in graphene nanoflakes. Phys. Rev. B
2011, 84, 205409:1–205409:10.
87. Hwang, E.H.; Das Sarma, S. Screening, Kohn Anomaly, Friedel Oscillation, and RKKY
interaction in bilayer graphene. Phys. Rev. Lett. 2008, 101, 156802:1–156802:4.
88. Killi, M.; Heidarian, D.; Paramekanti, A. Controlling local moment formation and local moment
interactions in bilayer graphene. New J. Phys. 2011, 13, doi:10.1088/1367-2630/13/5/053043.
89. Belonenko, M.; Lebedev, N.; Pak, A. Study of the indirect interaction in the quantum dots of the
graphene bilayer in the framework of the s-d model. Tech. Phys. Lett. 2011, 37, 724–727.
90. Jiang, L.; Lu¨, X.; Gao, W.; Yu, G.; Liu, Z.; Zheng, Y. RKKY interaction in AB-stacked multilayer
graphene. J. Phys. Condens. Matter 2012, 24, doi: 10.1088/0953-8984/24/20/206003.
91. Power, S.R.; de Menezes, V.M.; Fagan, S.B.; Ferreira, M.S. Model of impurity segregation in
graphene nanoribbons. Phys. Rev. B 2009, 80, 235424:1–235424:5.
92. Mucciolo, E.R.; Castro Neto, A.H.; Lewenkopf, C.H. Conductance quantization and transport
gaps in disordered graphene nanoribbons. Phys. Rev. B 2009, 79, 075407:1–075407:5.
93. Gorjizadeh, N.; Farajian, A.A.; Kawazoe, Y. The effects of defects on the conductance of graphene
nanoribbons. Nanotechnology 2009, 20, 015201:1–015201:6.
94. Power, S.R.; de Menezes, V.M.; Fagan, S.B.; Ferreira, M.S. Magnetization profile for impurities
in graphene nanoribbons. Phys. Rev. B 2011, 84, 195431:1–195431:8.
95. Klinovaja, J.; Loss, D. RKKY interaction in carbon nanotubes and graphene nanoribbons
Available online: http://arxiv.org/abs/1211.3067 (accessed on 18 January 2013).
96. Sherafati, M.; Satpathy, S. Analytical expression for the RKKY interaction in doped graphene.
Phys. Rev. B 2011, 84, 125416:1–125416:5.
97. Lee, H.; Mucciolo, E.R.; Bouzerar, G.; Kettemann, S. RKKY interactions in graphene:
Dependence on disorder and Fermi energy. Phys. Rev. B 2012, 86, 205427:1–205427:7.
98. Pereira, V.M.; Castro Neto, A.H.; Peres, N.M.R. Tight-binding approach to uniaxial strain in
graphene. Phys. Rev. B 2009, 80, 045401:1–045401:8.
99. Pereira, V.M.; Castro Neto, A.H. Strain engineering of graphene’s electronic structure. Phys.
Rev. Lett. 2009, 103, 046801:1–046801:4.
100. Ribeiro, R.M.; Pereira, V.M.; Peres, N.M.R.; Briddon, P.R.; Neto, A.H.C. Strained
graphene: Tight-binding and density functional calculations. New J. Phys. 2009, 11,
doi:10.1088/1367-2630/11/11/115002.
101. Pereira, V.M.; Castro Neto, A.H.; Liang, H.Y.; Mahadevan, L. Geometry, mechanics, and
electronics of singular structures and wrinkles in graphene. Phys. Rev. Lett. 2010,
105, 156603:1–156603:4.
102. Guinea, F.; Katsnelson, M.I.; Geim, A.K. Energy gaps and a zero-field quantum hall effect in
graphene by strain engineering. Nat. Phys. 2010, 6, 30–33.
Crystals 2013, 3 77
103. Pellegrino, F.M.D.; Angilella, G.G.N.; Pucci, R. Transport properties of graphene across
strain-induced nonuniform velocity profiles. Phys. Rev. B 2011, 84, 195404:1–195404:11.
104. Klimov, N.N.; Jung, S.; Zhu, S.; Li, T.; Wright, C.A.; Solares, S.D.; Newell, D.B.; Zhitenev, N.B.;
Stroscio, J.A. Electromechanical properties of graphene drumheads. Science 2012, 336,
1557–1561.
105. Mohiuddin, T.M.G.; Lombardo, A.; Nair, R.R.; Bonetti, A.; Savini, G.; Jalil, R.; Bonini, N.;
Basko, D.M.; Galiotis, C.; Marzari, N.; Novoselov, K.S.; Geim, A.K.; Ferrari, A.C. Uniaxial
strain in graphene by Raman spectroscopy: G peak splitting, Gru¨neisen parameters, and sample
orientation. Phys. Rev. B 2009, 79, 205433:1–205433:8.
106. Levy, N.; Burke, S.A.; Meaker, K.L.; Panlasigui, M.; Zettl, A.; Guinea, F.; Neto, A.H.C.;
Crommie, M.F. Strain-induced pseudo-magnetic fields greater than 300 tesla in graphene
nanobubbles. Science 2010, 329, 544–547.
107. Santos, E.J.G.; Ayuela, A.; Sa´nchez-Portal, D. Strain-tunable spin moment in Ni-doped graphene.
J. Phys. Chem. C 2012, 116, 1174–1178.
108. Peng, F.; Hongbin, W. Strain enhanced exchange interaction between impurities in graphene.
Physica B Condens. Matter 2012, 407, 3434–3436.
109. Power, S.R.; Gorman, P.D.; Duffy, J.M.; Ferreira, M.S. Strain-induced modulation of magnetic
interactions in graphene. Phys. Rev. B 2012, 86, 195423:1–195423:6.
110. Ni, Z.H.; Yu, T.; Lu, Y.H.; Wang, Y.Y.; Feng, Y.P.; Shen, Z.X. Uniaxial strain on graphene:
Raman spectroscopy study and band-gap opening. ACS Nano 2008, 2, 2301–2305.
111. Neek-Amal, M.; Covaci, L.; Peeters, F.M. Nanoengineered nonuniform strain in graphene using
nanopillars. Phys. Rev. B 2012, 86, 041405:1–041405:5.
112. Xu, P.; Yang, Y.; Barber, S.D.; Ackerman, M.L.; Schoelz, J.K.; Qi, D.; Kornev, I.A.; Dong, L.;
Bellaiche, L.; Barraza-Lopez, S.; Thibado, P.M. Atomic control of strain in freestanding graphene.
Phys. Rev. B 2012, 85, 121406:1–121406:5.
113. Neek-Amal, M.; Peeters, F.M. Strain-engineered graphene through a nanostructured substrate. I.
Deformations. Phys. Rev. B 2012, 85, 195445:1–195445:11.
114. Sˇima´nek, E.; Heinrich, B. Gilbert damping in magnetic multilayers. Phys. Rev. B 2003,
67, 144418:1–144418:12.
115. Heinrich, B.; Tserkovnyak, Y.; Woltersdorf, G.; Brataas, A.; Urban, R.; Bauer, G.E.W. Dynamic
exchange coupling in magnetic bilayers. Phys. Rev. Lett. 2003, 90, 187601:1–187601:4.
116. Guimara˜es, F.S.M.; Costa, A.T.; Muniz, R.B.; Mills, D.L. Spin currents in metallic
nanostructures: Explicit calculations. Phys. Rev. B 2011, 84, 054403:1–054403:9.
117. Guimara˜es, F.S.M.; Kirwan, D.F.; Costa, A.T.; Muniz, R.B.; Mills, D.L.; Ferreira, M.S. Carbon
nanotube: A low-loss spin-current waveguide. Phys. Rev. B 2010, 81, 153408:1–153408:4.
118. Guimara˜es, F.S.M.; Costa, A.T.; Muniz, R.B.; Ferreira, M.S. Graphene-based spin-pumping
transistor. Phys. Rev. B 2010, 81, 233402:1–233402:4.
119. Guimara˜es, F.S.M.; Costa, A.T.; Muniz, R.B.; Ferreira, M.S. Graphene as a non-magnetic spin
current lens. J. Phys. Condens. Matter 2011, 23, doi:10.1088/0953-8984/23/17/175302.
Crystals 2013, 3 78
120. Abanin, D.A.; Morozov, S.V.; Ponomarenko, L.A.; Gorbachev, R.V.; Mayorov, A.S.;
Katsnelson, M.I.; Watanabe, K.; Taniguchi, T.; Novoselov, K.S.; Levitov, L.S.; Geim, A.K. Giant
nonlocality near the Dirac point in graphene. Science 2011, 332, 328–330.
121. Power, S.R.; Guimara˜es, F.S.M.; Costa, A.T.; Muniz, R.B.; Ferreira, M.S. Dynamic RKKY
interaction in graphene. Phys. Rev. B 2012, 85, 195411:1–195411:6.
122. Heinrich, A.J.; Gupta, J.A.; Lutz, C.P.; Eigler, D.M. Single-atom spin-flip spectroscopy. Science
2004, 306, 466–469.
123. Loth, S.; von Bergmann, K.; Ternes, M.; Otte, A.F.; Lutz, C.P.; Heinrich, A.J. Controlling the
state of quantum spins with electric currents. Nat. Phys. 2010, 6, 340–344.
124. Khajetoorians, A.A.; Chilian, B.; Wiebe, J.; Schuwalow, S.; Lechermann, F.; Wiesendanger, R.
Detecting excitation and magnetization of individual dopants in a semiconductor. Nature 2010,
467, 1084–1087.
125. Khajetoorians, A.A.; Lounis, S.; Chilian, B.; Costa, A.T.; Zhou, L.; Mills, D.L.; Wiebe, J.;
Wiesendanger, R. Itinerant nature of atom-magnetization excitation by tunneling electrons. Phys.
Rev. Lett. 2011, 106, 037205:1–037205:4.
126. Sielemann, R.; Kobayashi, Y.; Yoshida, Y.; Gunnlaugsson, H.P.; Weyer, G. Magnetism at single
isolated iron atoms implanted in graphite. Phys. Rev. Lett. 2008, 101, 137206:1–137206:4.
127. Meier, F.; Zhou, L.; Wiebe, J.; Wiesendanger, R. Revealing magnetic interactions from
single-atom magnetization curves. Science 2008, 320, 82–86.
128. Zhou, L.; Wiebe, J.; Lounis, S.; Vedmedenko, E.; Meier, F.; Blu¨gel, S.; Dederichs, P.;
Wiesendanger, R. Strength and directionality of surface Ruderman–Kittel–Kasuya–Yosida
interaction mapped on the atomic scale. Nat. Phys. 2010, 6, 187–191.
129. Krstic, V.; Ewels, C.P.; Wa˚gberg, T.; Ferreira, M.S.; Janssens, A.M.; Stephan, O.; Glerup, M.
Indirect magnetic coupling in light-element-doped single-walled carbon nanotubes. ACS Nano
2010, 4, 5081–5086.
c 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).
